Abstract. The liquid/solid composite technology has wide range of applications in the preparation of Fe-Al composite materials and structures. The diffusion-reaction zone (DRZ) formed in the liquid/solid interface has a great influence on their properties. The Al-Fe diffusion couple was prepared by using the insert technology and treated at 700˚C -900˚C . The microstructure evolution and growth mechanism of the DRZ in the Al/Fe liquid /solid interface were investigated. The result shows that the microstructure of Al/Fe liquid/solid diffusion couple after heat treatment (HT) is (Al+FeAl3)/FeAl3/Fe2Al5/Fe; Fe2Al5 is the only new phase during the heat preservation process, FeAl3 is formed by desolventizing during the cooling process. The growth of the Fe2Al5 is controlled by the chemical reaction of the Al atoms and Fe atoms before the Fe2Al5 continuous single-phase layer is formed; Once the continuous Fe2Al5 single-phase layer is formed, the growth of the Fe2Al5 mainly depends on the diffusion of Al atoms in the solid phase Fe2Al5 layer, and the reaction occurs in the solid/solid interface of the Fe2Al5 layer and iron. Precipitate is not found in the iron while the needlelike and strip FeAl3 precipitates appear in the aluminum; the density and size of the FeAl3 precipitates decrease gradually from the vicinity of interface to the distant.
Introduction
In the preparation of Fe-Al composite materials and structures, the liquid/solid composite technology is a very effective method [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .The new intermetallic compounds zone named diffusion-reaction zone is formed in the liquid/solid interface by the dissolution, diffusion, and reaction of the heterogeneous atoms, the nature of the DRZ greatly influences even determines the properties of the composite materials and structures. Therefore, it is important to study the DRZ of Al/Fe liquid/solid interface and then to predict and control their structures and performances. But so far, there is no broad consensus about the evolution of the microstructure, the formation and growth mechanisms of the DRZ in Al/Fe liquid/solid interface. Fe2Al5 is the only new phase in [12] [13] [14] , while the DRZ contains two layers -the Fe2Al5 and FeAl3 in [15] [16] [17] [18] . The paper [18] thinks that the growth of the Fe2Al5 is controlled by diffusion mechanism and is into a parabolic relationship with the holding time, and FeAl3 is occurred in the later stage of the heat preservation and the growth of the FeAl3 is controlled by the chemical reaction mechanism and is into a linear relationship with the holding time. But we propose a different conclusion on the formation and growth mechanisms of the FeAl3 phase.
Experimental procedures
A φ4.8 mm hole was drilled in the middle of an aluminum block with a size of 10 × 10 × 10 mm, and then the oxidation films covered on the surface and the inner bore were removed with a file and sandpapers. An iron wire with 5 mm diameter was filed to a taper pin in accordance with the size of the hole in the aluminum block, sanded smooth, and then fitted into the hole tightly to form a sample. The sample was placed into a small ceramic crucible. The crucible was placed into a vacuum furnace, and then heated to the temperature between the melting points of aluminum and iron. The iron wire was surrounded by the molten aluminum to form a liquid/solid diffusion couple. To avoid the liquid aluminum being sticky to the crucible, the Al2O3 powders must be paved in the bottom of the crucible before the diffusion couple is put into it.
In order to study the microstructure evolution and growth behavior of the DRZ in the Al/Fe liquid/solid interface, the diffusion couples were treated at different temperature between the melting points of aluminum and iron for different time. For practical industrial applications, the HT temperature should not be too high but ensure the liquid aluminum has a good wettability to the solid iron. For one thing it could save energies; on the other hand, it is not easy to control the growth of the DRZ at a too high temperature. In this experiment the HT temperatures were 700 ˚C , 750 ˚C , 800 ˚C, 850 ˚C , 900 ˚C , the holding time was for 5 min, 20 min, 30 min, and 60 min at each temperature.
After the diffusion couples had been treated, grinded and polished, the bonding situations and microstructures were observed under the optical microscopy and scanning electron microscopy. Point analysis and line analysis of electron probe were adopted to test the composition of different points and distribution of different elements in the DRZ, and then the phases of the DRZ were determined in combination with Al-Fe binary phase diagram.
Results
The morphology of the DRZ is basically familiar with the others under all the HT conditions. The photomicrograph of the uncorroded sample is shown in Fig.1 . It seemed that there is only one continuous single-phase layer in the DRZ, the interface next to the aluminum is like serrate with small ups and downs, while the interface next to the iron is irregularly tongue-shaped and stretches to the iron. When the HT temperature is the same, the DRZ is getting thicker and thicker as the holding time increases. The thickness of the DRZ increases rapidly at the early stage of the heat preservation, but the growth rate gradually slows with the extension of time. When the holding time is the same, the DRZ grows rapidly with increasing HT temperature.
There are the acicular and strip precipitates in the aluminum.The size and the density of the precipitates are getting bigger closer to the interface, as shown in Fig.2 (a) , and the size of the precipitates get smaller and sparser far away from the interface, as shown in Fig.2 (b) . No precipitate appears in the iron all the time.
To further study the morphology of the DRZ, the sample was observed by the scanning electron microscope, the backscattered electron image is shown in Fig.3 . The morphologies both the backscattered electron image and the photomicrograph reflected are familiar, and the DRZ seems to contain only a single-phase layer.
From the photomicrograph and the backscattered electron image of the Al/Fe DRZ before corrosion, it seems that the DRZ contains only one single-phase layer in all HT conditions. The papers [12] [13] [14] also Put forward the same conclusion, however, the references [15] [16] [17] [18] studied the DRZ is consist of two sub-layers. To further study the sub-layers, the Al/Fe diffusion couple after HT was polished at first, and then corroded in the 10% NaOH solution and the DRZ appears two layers, as shown in Fig.4 . The layer next to the iron is very thick and its thickness increases with the increasing holding time when the temperature is same. The layer next to the aluminum is very thin and its thickness has nothing to do with the holding time.
To study the phases and the distribution of the element's concentration, the diffusion couple was investigated for the Line and point's composition analysis by the electron probe, the line and point scanning positions are shown in Fig.5 , the scan lines start from the aluminum to the iron, through the DRZ. 
Materials, Mechanical Engineering and Manufacture
The line scan spectrum curves of Al, Fe elements in the Al substrate show three mutations, this is because the scan line just passes the precipitates three times. The energy spectrum curves show significant levels when the line steps over the interface of the Al substrate and the DRZ, indicating a mutation of the ingredients at its junction, to produce an intermetallic compound. Since then, the energy spectrum curves in the DRZ show a slightly undulating platform. According to the gray contrast of the back scattering photo and the intensity contrast of the energy spectrum curves, it is difficult to see the thin layer revealed by Fig.4 after the corrosion. At the interface of the DRZ and the iron, the energy curves appear stairs. Then into the iron the intensity of the Al is zero, indicating no presence of Al atoms in the iron.
In order to determine the phases of the DRZ, the fixed-point spectrum is analyzed. The percentage of Al atomic at point 1, point 2, point 3, point 4, point 5, and point 6 is respectively 76.17%, 100%, 76.93%, 71.91%, 70.65%, 0%. According to the Fe-Al binary phase diagram [19] 
is difficult to distinguish from the gray contrast of the backscattered photo and the intensity contrast of the energy spectrum curve. Other methods of identification are needed, such as metallographic corrosion, X-ray diffraction.
Discussions
The experimental results show that there are a thick layer of Fe2Al5 and a thin layer of FeAl3 in the DRZ under all HT conditions, the thickness of Fe2Al5 layer increases with increasing of temperature and extending of time but the thickness of FeAl3 layer does not change significantly; the iron is consumed rapidly; there are FeAl3 precipitates in the aluminum but no precipitates in the iron; the number and size of the FeAl3 precipitates go up with temperature increasing. Based on the above experimental phenomena, the evolution of the microstructure of Al/Fe liquid/solid interface is obtained as follows:
At the early stage of the HT, Fe atoms dissolve to the liquid aluminum, and then diffuse from the interface to the internal. In the process, the iron is consumed rapidly. Subsequently, at the interface between the liquid and the iron, the Fe atoms primarily reach the limit of solubility at the HT temperature and the supersaturated Fe atoms react with Al atoms to form Fe2Al5. According to the paper [20] , in the all of the Fe-Al intermetallic compounds, the molar formation enthalpy of Fe2Al5 is minimal. The Fe2Al5 grains firstly grow along the interface, and then together to form the continuous Fe2Al5 single-phase layer. Before the continuous Fe2Al5 single-phase layer forms, due to the rapid dissolution rate of Fe atoms to the liquid aluminum, coupled with reaction near the interface, the growth of the Fe2Al5 is controlled by the reaction rate of Al and Fe atoms and the growth speed is very fast. Once the continuous Fe2Al5 single-phase layer forms, the connection between the iron and the liquid aluminum is abolished and the growth of Fe2Al5 mainly relies on interdiffusion of the Al, Fe atoms in the solid Fe2Al5 layer and chemical reaction between them. Since the diffusion rate of Al atom much larger than that of Fe atom [17] , the diffusion of Al atoms is the main. During the experiment, the Al atoms always do not cross the DRZ into the iron, indicating that all of the Al atoms are involved in the chemical reaction and the diffusion rate of Al atoms is slower than the speed of In addition to the thick layer of Fe2Al5, there is a very thin layer of FeAl3 in the Al/Fe DRZ and the thickness of FeAl3 layer is independent of holding time. We can conclude this very thin FeAl3 layer is formed during the cooling process. The Fe atoms enrichment zone exists at the Al/Fe2Al5 interface, where the eutectic FeAl3 grains precipitate firstly during the cooling process. Because the composition of Fe here is much higher than the eutectic composition of FeAl3, there are enough over-eutectic FeAl3 grains to precipitate and even to together into the entirety, forming the continuous FeAl3 single-phase layer. The limit of solubility of Fe in liquid aluminum and FeAl3 forming during the cooling process determine that FeAl3 single-phase layer can not be very thick. With the temperature further reducing, over-eutectic FeAl3 begins to precipitate from the liquid aluminum. When the eutectic point is reached, the eutectic structure of Al and FeAl3 is formed. Away from the Al/Fe2Al5 interface, due to the low concentration of Fe, the hypoeutectic is formed. This conclusion different to that of the [17] and [18] , who thought FeAl3 layer appears at the early stage of the diffusion-reaction, and partially dissolves to the aluminum solution. Fig.2 shows that the size and distribution of precipitates in the aluminum is not uniform. Near the Al/Fe2Al5 interface, fine needle-like precipitates disperse between the long strip precipitates; Away from the interface, there are only the dispersed fine needle-like precipitates. The size of the precipitates becomes smaller gradually from the interface to far.
The concentration of Fe in the liquid near the Al/Fe2Al5 interface is higher and first to saturate during cooling, then FeAl3 nucleuses separate out. At this moment, the Fe atoms can diffuse further due to higher temperature, so FeAl3 precipitates can grow to be relatively thick by long-range diffusion of Fe atoms. As the temperature decreases, the long-range diffusion of Fe atoms becomes increasingly difficult. Once the Fe atoms are difficult to carry out long-range diffusion, the initial precipitates of FeAl3 will gradually stop growing. At this point, the liquid aluminum can not reduce the concentration of Fe by long-range diffusion of the Fe atoms and homogeneous nucleation of the FeAl3 precipitates at high temperature. So the only way to continue is non-uniform nucleation of FeAl3. Because the diffusion of the Fe atoms can only be short-range, these precipitates are difficult to grow very large, and disperse between the initial coarse precipitates. The concentration of Fe in the liquid far away from the Al/Fe2Al5 interface is below the saturation concentration at the commencement of the cooling, so FeAl3 nucleus can not precipitate. With the continuous reduction of the temperature, the solubility of Fe decreases continuously. When the temperature is lower than the desolvation temperature, FeAl3 nucleuses just begin to precipitate. At this temperature, the Fe atoms have been difficult to remain long-range diffusion, so the precipitates are difficult to grow up, resulting in small size. Due to the concentration gradient of Fe in the liquid, the lower the Fe concentration is, the lower the precipitation temperature is, the more difficult diffusion of Fe atoms is, resulting in the smaller size of the FeAl3 precipitates farther from the Al/Fe2Al5 interface.
The evolution of the microstructure of Al/Fe liquid/solid interface can be shown in Fig.7 . 3) The needle and strip FeAl3 precipitates appear in the aluminum but no precipitate in the iron. The intensity and size of the precipitates both decrease gradually from the vicinity of Al/Fe2Al5 interface to the distant.
